2+ -binding protein consisting of two structurally similar domains with distinct stabilities, binding affinities, and flexibilities.
INTRODUCTION
Allostery is central to the precise molecular control necessary for protein function. Indirect coupling between distant regions of a protein is often provided through a conformational transition between a "closed" (ligand-free) and "open" (ligand-bound) structure upon ligation. NMR experiments that reveal proteins exist in dynamic equilibrium with multiple conformers [1] [2] [3] [4] [5] [6] suggest that a protein's conformational dynamics in the absence of a ligand plays an essential role in allosteric regulation. [7] [8] [9] [10] The functional dynamics of a folded protein occurs near the bottom of the funneled energy landscape, a part of the landscape generally more susceptible to perturbations than the self-averaged kinetic bottleneck that determines the mechanism of folding. 11 This sensitivity, while important for a protein's ability to dynamically respond to environmental conditions and interaction with ligands, also makes the prospect of general organizing principles for allostery problematic. 12 In this paper, we explore the sense in which the summarizing statement that native state topology determines the folding mechanism of small single domain proteins 13 carries over to large-scale conformational transitions.
Due in part to limitations on computational timescales, much theoretical work modeling largescale conformational transitions in proteins has focused on simplified, coarse-grained models based on the energy basins defined by the open and closed conformations. The
Gaussian network and related models describe an allosteric transition as motion along low frequency normal modes of the closed state conformational basin. [14] [15] [16] [17] While the dynamics about a single free energy minimum offers a natural rationale and clear description of the collective motions involved in the conformational change, 18, 19 a minimal model capable of capturing the transition mechanism must accommodate the change in dynamics as protein moves between the two distinct meta-stable free energy basins. Allosteric transitions have been modeled by several different methods in which two meta-stable basins are coupled through an interpolation based on its energy. For example, minimal energy pathways have been computed for a potential surface based on the strain energies relative to each minimum conformation to predict the transition mechanism. [20] [21] [22] Structure based simulations that couple two conformational basins have also been developed to understand the mechanism of allosteric transitions. [23] [24] [25] [26] [27] [28] Additionally, transition mechanisms have been described in terms of the evolution of each residue's local flexibility using a coarse grained variational model. [29] [30] [31] [32] Itoh and Sasai present an alternative approach to predict allosteric transition mechanisms in which contacts from two meta-stable structures are treated on equal footing rather than through an interpolated energy function.
33,34
In this paper, we use coupled structure based simulation of the opening transition in the domains of calmodulin (CaM) to explore how subtle differences in the native state topology can lead to qualitative changes in the transition mechanism. This work is motivated in part by an intriguing theoretical prediction 30 that the domain opening mechanism of the C-terminal domain (cCaM) involves local partial unfolding and refolding while the Nterminal domain (nCaM) remains folded throughout the transition. These distinct transition mechanisms are in harmony with the Itoh and Sasai's model that predicts cCaM has larger fluctuations than nCaM during domain opening. 34 Local unfolding in cCaM is found to relieve regions of high local strain during the transition 31 in agreement with the cracking mechanism of allosteric transitions discussed by Miyashita et al.
35,36
CaM is a ubiquitous Ca 2+ -binding protein consisting of two structurally similar globular domains connected by a flexible linker. Each domain consists of two helix-loop-helix motifs (the EF-hands) connected by a flexible linker as shown in Fig.1 
44
The simulations presented in this paper suggest that over a wide range of temperatures, domain opening in cCaM involves global unfolding and refolding, while the unfolded conformations are much less prominent in nCaM's primarily two-state domain opening mechanism.
The appearance of an unfolded intermediate at a sufficiently high temperature is expected and has been reported for similar simulations of the conformational transition of cCaM 26 and the homologous protein S100A6, 24 as well as other proteins. 23, 28 Given the structural similarity of the two domains, it is harder to anticipate that the unfolded ensemble becomes locally stable at a significantly higher temperature in nCaM than it does in cCaM. Both the analytic model and simulations suggest that cCaM is more susceptible to unfolding during 
METHODS
We use a native-centric model implemented in the Cafemol simulation package 45 A conformation in this coarse-grained model 24 is specified by the N position vectors of the C-α atoms of the protein backbone, R = {r 1 , · · · r N }. For an energy basin biased to the reference conformation, R 0 , the energy of a configuration R can be written as
The first term in Eq. 1 defines the coarse-grained backbone 
while non-native contacts are destabilized through a repulsive potential
Here, r ij is the distance between C-α atoms i and j in a conformation, R, and r 0 ij is the corresponding separation distance found in the reference structure, R 0 .
The coefficients defining the energy function are set to their default values in Cafemol : 
37,39,40
To study conformational changes between two meta-stable states, the energies of the corresponding native basins, V 1 (R) and V 2 (R), are coupled through an interpolation function
Here, the interpolation parameters, ∆ and ∆V , control the barrier height and the relative stability of the two basins. The single basin energies V 1 (R) and V 2 (R) are computed from Exploring a range of temperatures reveals that both domains can exhibit a two-state transition mechanism or a transition mechanism that involves unfolding and refolding depending on the temperature (see Fig.7 ). The transition mechanism at low temperatures is two state, involving primarily well folded conformational ensembles throughout the tran- unfolding and refolding. For higher temperatures (T n s < T ), the unfolded ensemble of nCaM is locally stable, but at this temperature the unfolded ensemble of cCaM is stabilized enough to become the global minimum.
Focusing on the scenario when the open state is 10% of the total population and at a simulation temperature corresponding to T = 310
• K (to model intact CaM at physiological conditions), the simulated unfolded population is less than 1% for nCaM, and approximately 9% for cCaM. These equilibrium unfolded populations can be compared to reports of 2% for the N-terminal domain and 24% for the C-terminal domain in intact CaM based on thermodynamic stability measurements.
40

TRANSITION KINETICS
Using Eq. 6 to calculate opening rates for each domain at T sim , we find that unfolding and refolding along the transition route significantly slows cCaM's domain opening rate 
where k c→I = 4 × 10 
where P c and P o are the equilibrium populations of the closed and open state respectively.
The effective two-state kinetics for open/closed transition can be written as
and
Since k I→c k I→o , these expressions for the two-state rates can be simplified. The effective domain opening rate is determined by the unfolding of the closed state
and the closing rate can be understood through the equilibration of the intermediate and
where 57 Clarifying how the speed of conformational dynamics influences the kinetic binding mechanism through a molecular model is a rich problem that we wish to explore in the future.
